Background {#sec001}
==========

The technological developments of the last half a century made space travel a reality. While the space race represented the quintessence of the competition between the United States and Soviet Union during the Cold War, the pace of space exploration subsequently decreased in the two decades after the fall of the Iron Curtain. This dynamic has changed dramatically in the last years, after the arrival on the scene of space exploration of new powers such as China, India, European Union, or Japan but especially since the dawn of commercial space flight, represented by companies such as SpaceX, Virgin Galactic, or Blue Origin. Space travel for humans is on the verge of changing from being the exclusive arena of a few elite astronauts and cosmonauts to a more egalitarian opportunity for entrepreneurs and wealthy adventurers. This new era in exploration of other planets such as Mars and the retrieval of physical samples invites speculation of measures that may become necessary to prevent biocontamination and biocontainment.

In parallel with the technological progress on Earth bringing human space travel closer to daily reality, a growing number of investigations have discovered places in the solar system on which life is possible and perhaps even probable \[[@ppat.1008153.ref001]\]. The Apollo lunar missions and the Venera Soviet probes studying Venus have suggested it is unlikely that life will be found on our nearest neighboring moon or planet \[[@ppat.1008153.ref002],[@ppat.1008153.ref003]\]. While this is generally also true for the studies looking for life on Mars, some ambiguity remains \[[@ppat.1008153.ref004]\]. In the 1970s, the labeled release (LR) experiment conducted during the Viking mission, in which samples of Martian soil were inoculated with ^14^C-labeled microbial nutrients, resulted in an ambiguous outcome. The negative results of other experiments during this mission led to the final conclusion that "extant life was probably absent," but the release of ^14^CO~2~ remained an intriguing finding \[[@ppat.1008153.ref005]\]. Novel discoveries of the last two decades have increased again the hope for finding life outside Earth in the solar system. The likely presence of liquid water on Mars \[[@ppat.1008153.ref006]\], the water ocean of Jupiter's moon Europa \[[@ppat.1008153.ref007]\], and the ocean-hosting volcanic vents on Saturn's moon Enceladus \[[@ppat.1008153.ref008]\] all suggest environments within the solar system much more conducive to life than we imagined a few years ago.

Context {#sec002}
=======

In the following years, humans will travel to other planets, and this time the aim will be more likely to reach Mars, rather than the sterile Moon. At the same time, long-range probes will be sent to Europa and other moons such as Enceladus or the carbohydrate-rich Titan satellite of the gas giant planets \[[@ppat.1008153.ref009]\]. The journeys will inevitably be accompanied by terrestrial microorganisms hitchhiking on the bodies of the astronauts or on the scientific instruments. The human microbiota will, upon arrival, come into contact with new planetary environments, despite the best measures put into place to prevent contamination. These organisms have the potential to adapt and grow in the new environments and subsequently recolonize and infect astronauts and others upon return to Earth. It is important to anticipate this situation and investigate how the immune system of humans might react to this new reality.

In this perspective, we propose a number of research areas in "exo-immunology," a term that we propose for a field concerned with the interaction between the immune system of terrestrial hosts and alien microbes or microorganisms derived from Earth that have adapted to extraterrestrial conditions.

Are other solar system bodies habitable by terrestrial microorganisms? {#sec003}
======================================================================

Microbial life is found at practically every site on Earth and includes viruses, archaea, bacteria, fungi, unicellular plants, and protozoa. Even the most hostile locations on Earth have microbiological communities, and viable organisms have been revived from samples that date back thousands and even millions of years \[[@ppat.1008153.ref010]\]. Being the simplest forms of life, the most likely form of exo-life on other solar system bodies will be probably equivalent to terrestrial bacteria or archaea. Such microorganisms are not only the most resilient and adaptable life forms known, but they are also the only known class of organisms that can survive independently, without reliance on other life forms. In addition, the putative microfossils present in the Allan Hills 84001 (ALH84001) meteorite are, if biotic, most likely bacterial \[[@ppat.1008153.ref011]\].

Bacteria, by virtue of their normally haploid genomes and high growth rates, are amongst the most adaptable components of the microbiota. Some bacteria have a largely commensal ecology when growing in association with the human host, while others are obligate, facultative, or opportunistic pathogens \[[@ppat.1008153.ref012]\]. An important characteristic of opportunistic pathogens is their capacity to adapt to a broad range of different habitats. These microorganisms are often nonfastidious or heterotrophic and can have only minimal nutritional requirements and are therefore able to survive and replicate in a range of different conditions \[[@ppat.1008153.ref013]\]. Unicellular microorganisms are therefore likely to have the capacity to adapt quickly to extraterrestrial conditions. Equally, they will inevitably be carried by astronauts and/or equipment. This might, under favorable circumstances, lead to their colonization of new ecological niches on other planetary bodies.

The leading astrobiological theory is that life's fundamental evolutionary nature has its origin in the abiotic cosmochemical evolution of biogenic elements \[[@ppat.1008153.ref014]\]. It has been proposed that amino acids and organic compounds may have been deposited on Earth via the impact of comets, asteroids, and meteorites, where they promoted the origins of life through the provision of key molecular substrates. Carbon-containing meteorites have therefore been chemically analyzed, as insight into the composition of these objects will help to understand the biogenesis in our solar system \[[@ppat.1008153.ref015]\].

The organic phase of carbonaceous meteorites is comprised of a complex mixture of largely uncharacterized solvent-extractable compounds, as well as soluble organic compounds such as amino acids, nucleobases, and polyhydroxylated substances or polyols, including sugars, sugar alcohols, and sugar acids \[[@ppat.1008153.ref015]\]. Multiple mechanisms in the interstellar space and on the parent bodies of the carbonaceous meteorites (e.g., Murchison and Murray meteorites) may have contributed to the synthesis of soluble organic compounds. Photolysis of small molecules has been shown, by simulating interstellar conditions, to generate low molecular weight polyols \[[@ppat.1008153.ref016],[@ppat.1008153.ref017]\]. In addition, condensation of formaldehyde via the formose reaction leads to the formation of carbohydrates in the interstellar space and in comets. This reaction might also have formed macromolecular carbon-containing compounds, part of which could be used as substrates for terrestrial bacteria.

This leads to the question of whether solar system bodies that are potential targets for mission landings might be habitable by terrestrial bacteria. This would be largely but not exclusively dependent on nutrient availability but also on the incidence of solar radiation, gravity, atmospheric pressure, magnetosphere, temperature, oxygen, and other gas concentrations and the availability of water. These complex circumstances will determine the chances of de novo colonization of these moons and planets. For example, changes in gravity induce morphogenetic changes in fungal hyphae \[[@ppat.1008153.ref018]\], while exposure to galactic cosmic rays can cause a broad spectrum of mutations in *Bacillus subtilis* spores, which caused previously undescribed mutations in the bacterial genome related to resistance to antibiotics \[[@ppat.1008153.ref019]\]. The analysis of gene expression of *Enterobacter bugandensis* isolated from the International Space Station showed an increase in the expression of genes involved in virulence, disease, and resistance to antibiotics compared to control strains \[[@ppat.1008153.ref020]\]. On another note, some ancient terrestrial microorganisms such as Cyanobacteria can synthetize proteins to protect the bacterial DNA and rapidly recover from damage caused by space flight and ionizing radiation \[[@ppat.1008153.ref021]\]. These mechanisms could be essential for the potential survival and adaptation of microorganisms to extraterrestrial environments.

Enceladus, a small, icy moon of Saturn, more than a billion kilometers further away from the Sun than Earth, was studied during the Cassini-Huygens National Aeronautics and Space Administration (NASA) Mission. Its average surface temperature reaches −198 °C, yet internal heat leads to the formation of geysers \[[@ppat.1008153.ref022]\]. Measurements performed using a ion-neutral mass spectrometer (INMS) revealed that organic and nitrogen-containing molecules were released in the plume vapor, and the Cosmic Dust Analyzer (CDA) detected salts, strongly indicating a water ocean in contact with a core consisting of rocks \[[@ppat.1008153.ref023],[@ppat.1008153.ref024]\]. Europa, one of the moons of Jupiter, is also covered with ice. The average surface temperature is −160 °C. The Hubble Space Telescope detected possible water vapor plumes on Europa's surface due to an ocean of liquid water beneath its ice surface, with tidal heat allowing it to remain fluid \[[@ppat.1008153.ref025]\].

Mars will be, most likely, the next space body to be visited by humans after the Moon. It has a thin atmosphere composed of 95% CO~2~, and there is evidence that liquid water could exist below the surface \[[@ppat.1008153.ref026]\]. Mars lacks a magnetic field and has half the diameter of Earth, which consequently results in a less strong surface gravitational pull. The average surface temperature is −60 °C, but summertime temperatures can rise up to around 20 °C. This indicates potentially favorable conditions for the survival of terrestrial bacteria \[[@ppat.1008153.ref027]\]. Therefore, at least three places outside Earth in our own solar system have environmental conditions that could be permissive for microbial life.

What is the influence of space travel on the human immune system? {#sec004}
=================================================================

One of the most crucial concerns about human interplanetary exploration is the influence of the extreme conditions found in space on the human immune system. The experiences of nearly 600 astronauts who have been launched into space have shown that human beings can survive for several months in space without immediate detrimental effects on health \[[@ppat.1008153.ref028]\]. Astronauts are exposed to harsh environmental conditions such as the influence of microgravity, solar radiation, variable magnetic fields, perturbations to normal circadian rhythms, restricted physical movement, poor nutritional intake, and psychological stress caused by isolation and physically constrained living environments. There is already evidence that astronauts experience altered immune function and increased vulnerability to infections during and after space flights. For example, almost 50% of the Apollo crew members suffered from either bacterial or viral infections during the mission or within seven days after their return to Earth \[[@ppat.1008153.ref029]\].

Space travelers often experience reactivation of latent viral infections such as those caused by cytomegalovirus, varicella-zoster virus, and Epstein--Barr virus \[[@ppat.1008153.ref030]\]. This reactivation of infection is associated with a rise in cortisol levels and a decrease in the production of interferon, which suggests a role for stress in the reactivation of these viral infections during spaceflight \[[@ppat.1008153.ref031],[@ppat.1008153.ref032]\]. Astronauts experiencing extended spaceflights of at least six months had a general decay in T-cell function, which was accompanied by persistent reductions in the mitogen-stimulated production of cytokines such as interleukin (IL)-5, IL-6, IL-10, interferon gamma (IFNγ), and tumor necrosis factor alpha (TNFα) \[[@ppat.1008153.ref033]\]. In this regard, flight conditions induced a decrease of IL-10 production in vitro after lipopolysaccharide (LPS) stimulation, whereas the concentrations of the neutrophil chemoattractant factor IL-8 were increased during space travel \[[@ppat.1008153.ref033]\]. This increase coincides with the higher blood neutrophil cell numbers reported both after short and long flights, which increased up to 2-fold when compared to the initial counts \[[@ppat.1008153.ref034],[@ppat.1008153.ref035]\] and the decreased numbers of precursors of monocytes and granulocytes in the bone marrow of astronauts \[[@ppat.1008153.ref036],[@ppat.1008153.ref037]\].

The neutrophils and monocytes of astronauts tested postflight were found to exhibit reduced capacities of phagocytosis of bacteria and an attenuated oxidative burst and degranulation \[[@ppat.1008153.ref038],[@ppat.1008153.ref039]\], suggesting a potentially decreased responsiveness for host defense cells against potential invading pathogens. When challenged with LPS, cosmonauts' monocytes produced decreased amounts of the proinflammatory cytokines IL-6 and IL-1β and higher amounts of the antiinflammatory factor IL-1 receptor antagonist (IL-1Ra) compared to controls \[[@ppat.1008153.ref035]\]. These changes progressively returned to baseline after return, with the exception of IL-1Ra, which remained five times higher in astronauts 6 to 12 months after landing. Regarding natural killer (NK) cells, exposure to microgravity conditions increased their apoptotic and necrotic activity concomitantly with a reduction in cell cytotoxicity, IFNγ, perforin expression, and delayed hypersensitivity responses \[[@ppat.1008153.ref040],[@ppat.1008153.ref041]\].

In general, the investigations of the astronauts' immune status revealed that there is a conversion from a situation of primed immune activity after acute gravitational stress to a progressive decay of the functionality of the immune system after several weeks of spaceflight. The risks associated with exposure to space environmental conditions or the lack of contact with terrestrial microbial stimuli increase with the amount of time spent in space. The complete absence of exposure to terrestrial antigens such as pollen, dust mite, environmental molds, or fungal spores during prolonged space expeditions would likely have an impact in the balance between T-helper and T-regulatory cells, which control the tolerance against self-antigens and innocuous environmental antigens \[[@ppat.1008153.ref042]\].

These studies substantiate the view that the environmental insults that astronauts experience during space missions can compromise the function of their immune system, and therefore these conditions represent a considerable clinical hazard for astronauts undertaking extended journeys in space. However, only 24 astronauts have been beyond the low Earth orbit; thus the real consequences of longer term, deep-space travel for human immunity remain largely unknown.

In conclusion, the unpredictability in the behavior of the human immune system in space will only be reduced by improving our basic understanding of underlying biological processes of host defense during space travel. Only then, we will be able to develop appropriate strategies to ensure the safety and integrity of the space travelers in future missions.

How would our immune host defenses react against "alien" and "modified" bacteria? {#sec005}
=================================================================================

A second aspect of the consequences of space travel is to assess the pathogenic potential of putative alien microorganisms. This is likely to be determined by how efficient these microorganisms might grow in the environment of the human body and how the human immune system might respond.

The likelihood of an alien microbe having the ability to attach to cells of a terrestrial host and invade its cells or tissues, and hence produce infection, is obviously unknown. However, it is likely that alien microorganisms are adapted to entirely different conditions than those in terrestrial environments, are much less well adapted to the conditions of the human body, and will likely be less capable of colonization or invasion than our own microbiota. Even if such exomicrobes were not capable of directly invading the host and causing infection, they could still have pathogenic potential by secretion of toxins that could indirectly harm the astronauts (e.g., through wounds, contaminated food). Still, the majority of such toxins of terrestrial bacteria are proteins, which in turn are recognized by specific immune receptors ([Fig 1](#ppat.1008153.g001){ref-type="fig"}). As amino acids are one of the most constant biochemical features present in nonterrestrial bodies, it may well be possible that such putative toxins of alien microbes are made of proteins.

![Interaction of the human immune system with alien microorganisms.\
In one scenario, the human immune system will interact with modified Earth microbes that have grown and adapted to an alien environment. In a second scenario, the human host defenses will encounter completely alien microbes, which may have different metabolic and cellular structures. It is a matter of speculation whether immune cells will be able to recognize such structures or, in contrast, to overreact to such an immune challenge.](ppat.1008153.g001){#ppat.1008153.g001}

On the other hand, there is no doubt that modified microorganisms will be recognized by the human immune response leading to either an increased or decreased immune response, depending on the changes that the bacteria will undergo and the status of the host immune response during or after the space flight. Changes in human microbiome due to the conditions of space travel and adaptation of contaminating terrestrial pathogens to alien environments could also lead to the emergence of modified microorganisms with very different pathogenic potential ([Fig 2](#ppat.1008153.g002){ref-type="fig"}).

![Interactions between modified Earth microorganisms and altered human immunity.\
Different space environmental factors that could impact on the one hand the microorganisms and on the other the immune system of the astronauts, leading to different outcomes of these host--pathogen interactions. AAMP, alien associated molecular patterns.](ppat.1008153.g002){#ppat.1008153.g002}

Conclusions and future perspectives {#sec006}
===================================

A new area of investigation for human microbiologists, immunologists, biochemists, and clinicians will likely emerge in the coming years. Humanity is at the cusp of extending direct space exploration involving human astronauts beyond Earth's orbit and the Moon. The next steps that will be taken in this journey have the potential to bring us in contact with extraterrestrial life, most likely in a bacterial form. Even if these planetary bodies prove to be sterile, we can be sure that terrestrial microbes will travel together with human space explorers. These terrestrial microorganisms have the potential to adapt under the influence of novel evolutionary selective pressures on any exoplanet that is permissive to terrestrial microbial life. We need to anticipate and study the interactions between the terrestrial immune systems and alien or modified microbes in order to be prepared for these anticipated challenges.
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